Introduction
In the McMurdo Dry Valleys (MDVs), the largest ice-free region of Antarctica, winds are the controlling factor on the climate, especially the occurrence of westerly foehn winds (Speirs et al., 2013) . Foehn events of theMDVs are most common and strongest during winter, when valley cold pools are destroyed by foehn and air temperature can rise by up to 50 • C, with relative humidity decreasing to less than 10% (Speirs et al., 2010) . However, foehn events are especially important in summer, when they can cause air temperatures to rise above 0
• C and significant melt can occur, in turn supporting extensive biological activity in the soils, + Contribution 1436 of the Byrd Polar Research Center.
rocks, ephemeral steams, and glacial melt lakes (e.g. Priscu et al., 1998; Fountain et al., 1999) . The MDVs are located between the relatively warm, maritime McMurdo Sound and the cold, dry East Antarctic Ice Sheet (Figure 1(a,b) ). In addition to the ice-free valleys (Figure 1(c) ), the region also features complex terrain, with mountain ranges exceeding 2000 m elevation between valleys, and the Royal Society Range (elevation upwards of 4000 m) just to the south. Recent studies by Speirs et al. (2010) and Steinhoff et al. (2013, hereafter 'S13') show that strong westerly wind events in the MDVs are foehn, as suggested by Thompson et al. (1971) , Riordan (1975) , and Bromley (1985) , and not of katabatic origin as inferred in other studies (e.g. Nylen et al., 2004) . Speirs et al. (2010) found that foehn events coincide with strong pressure gradients over the Ross Ice Shelf, typically associated with synoptic-scale cyclones off the coast of Marie Byrd Land. Steinhoff et al. (2013) explain components of the foehn mechanism for a summer case study, connecting the influence of the synoptic-scale circulation to strong winds and warming over the MDVs. Pressure differences along an elevated mountain gap south of the MDVs provide forcing for southerly gap flow into the western, upvalley entrance of the MDVs. Mountain waves subsequently form over the complex terrain of the elevated gap and the MDVs, leading to forced descent and adiabatic warming over lee slopes. Pressure-driven channelling then brings the warm, dry foehn air downvalley to eastern MDVs locations.
Based on the influence that the synoptic-scale circulation has on foehn-event frequency, teleconnections have been implicated to explain interannual variability in MDVs temperature and meltwater generation. Reviews of El Niño-Southern Oscillation (ENSO) teleconnections to high southern latitudes can be found in Carleton (2003) , Turner (2004) , and Yuan (2004) . The teleconnections are manifested through Rossby wave trains (e.g. Karoly, 1989) , and effects are largest in the southeast Pacific sector. Kwok and Comiso (2002) find lower (higher) sea-level pressure in the Amundsen Sea during La Niña (El Niño) events for the 1982-1998 period. However, this teleconnection is not stationary due to zonal shifts in the ENSO-related tropical convection anomalies Guo et al., 2004) . Cyclone density and intensity both increase (decrease) in the Bellingshausen Sea (Ross Sea) for La Niña, with opposite changes for El Niño (Pezza et al., 2008) . The Southern Annular Mode (SAM), or Antarctic Oscillation (AAO), is the dominant mode of atmospheric circulation variability in the southern high latitudes (Thompson and Wallace, 2000) . The SAM manifests itself as zonal pressure/height anomalies having opposing signs in the midlatitudes and high-latitudes, with the positive phase implying high pressure over midlatitudes and lower pressure over high latitudes. Whereas the SAM itself influences Antarctic temperature and coastal cyclone activity (e.g. Thompson and Wallace, 2000; Pezza et al., 2008) , the SAM and ENSO interact to have an impact on high-latitude teleconnections (Carvalho et al., 2005; Fogt and Bromwich, 2006; L'Heureux and Thompson, 2006; Gregory and Noone, 2008; Gong et al., 2010; Fogt et al., 2011; Ding et al., 2012) . Bertler et al. (2004) attribute the 1986-2000 MDVs cooling trend (Doran et al., 2002) to ENSO variability and the associated shift in airmass source regions. Bertler et al. (2006) found phasedependent relationships of both ENSO and SAM with MDVs summer temperatures. Using a 20 year MDVs observational climatology, Speirs et al. (2013) found statistically significant correlations between SAM and austral summer and autumn foehn occurrence, and between ENSO and winter temperature. Still, these connections are not robust annually and questions remain as to the role of intraseasonal variability, which is known to influence the Southern Hemisphere storm track and conditions over Antarctica (e.g. Kiladis and Mo, 1998; Kidson, 1999; Frederiksen and Zheng, 2007; Pohl et al., 2010; Yu et al., 2011) .
Here we will first show that the foehn mechanism described in the case study of S13 is robust across a set of the MDVs foehn events spanning the 1994-2009 period. Second, we will show that blocking events over the southwest Pacific are associated with the warmest MDVs foehn events, including an example from the extraordinarily warm 2001/2002 austral summer.
Model, data and methods

Polar WRF
The Advanced Research Weather Research and Forecasting model (WRF-ARW, Skamarock et al., 2008) Version 3.2.1 is run for austral summer (1 November to 1 March) 1994-2009. For computational efficiency, simulations are reinitialized only on the 1st and 16th days of each month, with 12 h spin-up time.
To keep the synoptic-scale circulation fields in line with reality for these long simulations, four-dimensional data assimilation (FDDA or 'nudging'; Stauffer and Seaman, 1994 ) is used on temperature and wind fields of the top 27 vertical levels of the outermost domain only, every 6 h. Modifications for polar environments, termed Polar WRF, that were developed by the Polar Meteorology Group at the Byrd Polar Research Center, The Ohio State University (Hines and Bromwich, 2008; Bromwich et al., 2009; Hines et al., 2011; Bromwich et al., 2013; S13) are used here. These modifications primarily encompass the land-surface model and sea ice.
A 32-8-2 km nesting structure is used for the model domains (Figure 2(a) ), covering all of Antarctica and surrounding ocean in the 32 km domain, down to the MDVs region only for the 2 km domain (Figure 2(b) ). Forty vertical levels are used, with the lowest level approximately 13.4 m above the surface. The model top is set at 50 hPa and all nested domains are one-way coupled. Details regarding parameterization schemes used for the simulations can be found in S13.
Initial conditions for the atmosphere, some surface fields, lateral boundary conditions, and FDDA input for the 32 km domain are supplied by the ECMWF ERA-Interim reanalysis (Dee et al., 2011) , provided by the Data Support Section at the National Center for Atmospheric Research (NCAR) on a regular 512 × 256 N128 Gaussian grid. Sea-surface temperature (SST) data are supplied for all domains from daily optimally interpolated Advanced Very-high Resolution Radiometer (AVHRR) and Advanced Microwave Scanning Radiometer -Earth Observing System (AMSR-E) output at 0.25
• grid spacing (Reynolds et al., 2007) . For sea-ice concentration on all domains, we use two different datasets. The Bootstrap sea-ice concentration algorithm, used with measurements from the Special Sensor Microwave/Imager (SSM/I) instrument aboard the DMSP-F8, -F11 and -F13 satellites (Comiso, 1999) , is utilized for the 1994-2007 period. Version 2 data, on a polar stereographic grid at 25 km grid spacing, were obtained from the National Snow and Ice Data Center (NSIDC). Bootstrap sea-ice data were not available past 2007, so AMSR-E output processed according to Spreen et al. (2008) Table  1 ). Cross-section AA' and Box 1 are used in Figure 5 , Box 2 is used in Figure 6 , and red dots are used in Figure 7 . Black dashed line at y = 50 is used in averaging in Figures 5 and 6. and sea-ice concentration are updated for all domains every 6 h. Terrain height is interpolated from the RADARSAT-1 Antarctic Mapping Project (RAMP) digital elevation model at 200 m grid spacing (Liu et al., 2001 ). This field is smoothed twice for all domains using a smoother-desmoother algorithm included in the Polar WRF preprocessing package. A special bare-ground land-use dataset for the MDVs is used, interpolated from 9'' US Geological Service GeoTiff files provided by Kevin Manning of NCAR.
Further modifications are made specifically for the MDVs environment, primarily encompassing land surface variables in the Noah land surface model (Chen and Dudhia, 2001) . Any snow-cover input from ERA-Interim over bare ground points is removed before model initialization because the MDVs are known to be snow-free nearly perennially . Furthermore, we restrict Polar WRF-simulated water-equivalent snow depth over bare ground to 0.2 cm, as Polar WRF cannot simulate the removal of snow by strong foehn winds. We specify bare ground as 'loamy sand', consisting of 82% sand, 12% silt and 6% clay (Campbell et al., 1998; Northcott et al., 2009) . Roughness length is set to 0.005 m for all bare ground points (Lancaster, 2004) , and the base (no snow) albedo for the barren ground category is set to 0.18 (Thompson et al., 1971; Campbell et al., 1998; Hunt et al., 2010 of this simulation were used as input for simulations beginning 1 November of all years. Land surface variables are carried over to each reinitialization of the atmospheric model.
The LTER observations
The MDVs Long Term Ecological Research (LTER) automatic weather station (AWS) data (Doran et al., 1995) are used to validate Polar WRF simulations, and AWS locations used in this study are indicated in Figure 1 (c) and Table 1 . Observations are at 3 m height, and relative humidity is calculated with respect to ice when air temperature is below freezing. To facilitate comparison, selected variables are output at 3 m height in Polar WRF by adjusting the height that exchange coefficients are calculated at in the surface-layer scheme. The sampling interval for observations varies with time and between sites, but since January 1998 all sites sample wind at 4 s intervals and all other variables at 30 s intervals except for Lake Bonney, which samples wind at 1 s intervals. All variables are then averaged at 15 min intervals and quality-controlled by the LTER investigators and the authors. Care is taken to choose proper Polar WRF 2 km domain grid points for representing the LTER AWS locations (to avoid so-called 'representativeness errors', Jiménez and Dudhia, 2012) . Instead of interpolating to the exact observation location from the four grid points surrounding the true LTER AWS location, the chosen gridpoint is the closest to the observation location that has the correct surface type (snow-free) and properly located within the valley geometry. All Polar WRF station points are located within 2 km distance and 100 m elevation of the actual station.
Foehn identification scheme
The foehn event identification scheme is based on Speirs et al. (2010) . Using observations at 15 min frequency, all of the following must occur over any given six-hourly period.
-Temperature: increase of 1
• C over a 1 h period OR any reading above 0 • C. -Relative humidity (RH): decrease of 5% over a 1 h period OR any reading below 30%. -Wind speed: greater than 5 m s −1 for at least 80% of the observations, using the 15 min maximum wind speed. -Wind direction: between 180
• (southerly) and 315
• (northwesterly; 360 • (northerly) for Lake Vida) for at least 80% of the observations. The 0
• C and 30% RH thresholds are justified as neither are met in the absence of foehn conditions, due to sea-breeze, valley wind, and glacier wind effects. For Polar WRF output, which is also at 15 min frequency, the criteria are adjusted to the following to compensate for model biases.
-Temperature: increase of 1 • C over a 2.5 h period OR any reading above 0 • C. -Relative humidity: decrease of 5% over a 2.5 h period OR any reading below 30%. -Wind speed: greater than 3.5 m s −1 for at least 80% of the observations The wind direction criteria are the same. The longer time periods for the temperature and RH changes allow for slower developing foehn onset in the model, which probably results from the coarse representation of topographic effects, as similar biases in foehn development were found with the fifth version 3.3 km Polar Penn State/NCAR Mesoscale Model (Polar MM5) simulations in Speirs et al. (2010) , but not in the 0.5 km Polar WRF simulations in S13. The reduced wind-speed threshold accounts for the use of maximum wind speed in the observations, which is not available in Polar WRF output.
Each foehn event is placed into a 6 h bin, centred on 0, 6, 12 and 18 New Zealand Daylight Time (NZDT, UTC+13 h). Only one event in the 6 h bin is required for declaration of a 'foehn event'. Note that this differs slightly from the 'foehn day' entity used in Speirs et al. (2010) , where foehn events were placed into daily intervals, in order to better sample the evolving conditions during foehn events, which can change drastically over the course of a day (S13).
Foehn validation
Polar WRF foehn event validation is done over 15 summer seasons (1 November to 1 March, 1994 March, /1995 March, to 2008 March, /2009 ). To obtain a general idea of model performance, we compare Polar WRF distributions of foehn events occurring at two or more sites with the LTER observations. During the validation period, 740 matches are found (events in both Polar WRF and the LTER observations), 239 events are found only in the LTER observations, and 1034 events are found only in Polar WRF. Although Polar WRF identifies a majority (76%) of real foehn events, too many of the simulated events (58%) are not in the observations.
A validation analysis is now done across individual observing sites, in order to determine model performance by location over the MDVs. Figure 3 shows the interannual variability of foehn events for each individual observing site and aggregated for all stations. Polar WRF generally simulates too many foehn events across all sites, but reasonably captures interannual variability in the observed foehn event counts, as indicated by the correlation of the LTER and Polar WRF year-to-year foehn event counts above 0.9 at five of eight sites, above 0.8 at seven of eight sites, and 0.95 for all stations. Relative maxima of foehn frequency in Polar WRF that do not occur in the observations include 1999 (Taylor Glacier, Lake Hoare, Lake Fryxell, Explorers Cove, Lake Brownworth), 2005 (Taylor Glacier and Lake Bonney) and 2007 (Lake Hoare, Lake Brownworth). The decrease of foehn events from west to east is well-captured by Polar WRF. There is a diurnal cycle of foehn initiation, with 18% of events at Lake Hoare initiating 0600 local time, 40% from 0006-to 1200, 29% from 1200-to 1800 and 13% 1800. Similar distributions are found at Lake Fryxell and Lake Vanda. McKendry and Lewthwaite (1992) found that the opposing easterly sea breeze is most common during evening, and westerly winds most common during morning hours, in agreement with the results presented here. Polar WRF correctly captures this diurnal cycle, with a distribution of 11, 43, 31 and 15%, respective to the 6 h time periods listed above. Interannual variability of foehn events at the LTER AWS sites for all foehn events identified in Polar WRF ('PWRF ALL', green), all foehn events identified in observations ('LTER ALL', blue), and matched events in both Polar WRF and the LTER observations ('BOTH', red). 'Corr' refers to correlation between LTER ALL and BOTH. Red-labelled years refer to years with greater than 10% missing data.
Next, we look to why Polar WRF misses some observed events, and why it generally has too many events. Figure 4(a) shows the total number of additional instances of a particular criterion that would be necessary for the number of foehn events in the observations to match the number of events in Polar WRF. Note that the values in Figure 4 are dependent on the total number of events at each site. Across all sites, wind speed and wind direction are the primary culprits. For a more detailed look at why there are too many events in Polar WRF, Table 2 shows the average number of Polar WRF events per summer ('PWRF ALL') and the average number of extra events and the percentage of the total ('PWRF EXTRA') at each site. Generally, Polar WRF has 60-70% Table 1 . 'TEMP' is temperature, 'RH' is relative humidity, 'WS' is wind speed, and 'WD' is wind direction. more events than observed. We next categorize several types of missed events, shown in the next three columns and described below, that are then subtracted from this total. 'PWRF STRONG' represents observations that suggest a foehn event, but are too weak to meet the identification criteria. To identify these events, all of the criteria thresholds for observations are halved (except for wind direction), and the number of the LTER periods that switch from non-foehn to foehn with this weaker set of observed criteria is recorded. Visual inspection of the LTER and Polar WRF time series shows that Polar WRF is either premature with event initiation, or extends events too long (not shown). The values in column 'PWRF EXTEND' are obtained when an observed foehn event occurs within 24 h before or after an event that only occurs in Polar WRF. Finally, if there is an observed event at another station at the same time, meaning foehn is present over the MDVs but Polar WRF does not resolve it at a particular site, then 'PWRF OTHER' is iterated. When we subtract these three types of missed events (while accounting for overlap between categories), the new quantity of average missed events per summer is shown in column 'PWRF NEW' of Table 2 . At all stations, there is a substantial reduction in the number of missed events, with all sites well under 20% of the total number of simulated events. Discrepancies between Polar WRF and the LTER observations are functions of the foehn criteria and are exacerbated by a positive wind speed bias over valleys in Polar WRF (e.g. Jiménez et al., 2010) . As shown in Table 2 , the foehn events occurring only in Polar WRF according to the criteria are also present in the observations, but foehn events in Polar WRF are either stronger (PWRF STRONG), start early or last too long (PWRF EXTEND), or are misplaced spatially (PWRF OTHER).
Figure 4(b) shows the number of missed criteria for observed events that Polar WRF does not identify. At more western sites (Taylor Glacier, Lake Bonney, Lake Hoare, Lake Vanda, and Lake Vida), temperature and wind speed have the largest counts. At the eastern sites (Lake Brownworth, Lake Fryxell, and Explorers Cove), wind speed and wind direction have the largest totals. Table 3 shows the average number of observed events ('LTER ALL'), and the average number of missed events per summer that Polar WRF does not capture and the percentage of the total ('LTER EXTRA'). Discrepancies are more modest than for the extra events in Table 2 -most sites are under 50%. The 'LTER ABOVE 0' column shows the average number of the LTER-only events where the temperature criterion is met through the 0
• C threshold (i.e. Polar WRF is too cold). The 'LTER WEAK WIND' column shows the LTER events where the only missing criterion in Polar WRF is wind speed. When these events are removed, the new average number of events that Polar WRF misses per year is shown in the 'LTER NEW' column. Missed events are now generally below 25% of the total observed events. Events that Polar WRF misses are due to either the model cold bias, or misplaced localized features such as hydraulic jumps that can cause instances of underestimated wind speeds during foehn events (Steinhoff et al., 2008; S13) .
In summary, Polar WRF has too many foehn events compared with the LTER observations, and the number of extra Polar WRF events exceeds the number of events that the model misses. Polar WRF generally represents the interannual and spatial variability of foehn events in the MDVs, but extra foehn events in Polar WRF result from a positive wind-speed bias and foehn conditions lasting for too long and being too widespread. The source of the wind speed bias is not clear, but the incorrect foehn timing primarily results from the method of horizontal diffusion used in these Polar WRF simulations. For numerical stability reasons, horizontal diffusion is calculated on model vertical levels, whereas for the simulations in S13, accommodations were made for diffusion to be calculated in physical space, and foehn event timing errors were largely eliminated. Zängl et al. (2004a Zängl et al. ( , 2004b performed sensitivity experiments with horizontal diffusion options in MM5, and found that calculating diffusion on model surfaces lead to incorrect timing of foehn initiation in Alpine valleys. These errors dominated effects from horizontal Table 3 . Extra foehn events in the LTER observations compared with Polar WRF. 'LTER ALL' is the average number of observed foehn events each summer; 'LTER EXTRA' is the average number of foehn events in the LTER observations not found in Polar WRF each summer (and percentage of 'LTER ALL'); 'LTER ABOVE 0' and 'LTER WEAK WIND' are average number of Polar WRF biases each summer (described in text); and 'LTER NEW' is the average number of missed events each summer when discrepancies in previous two columns and their overlap are accounted for (and percentage of 'LTER ALL'). 
Robustness of foehn mechanism
In S13, prominent mesoscale features were illustrated for an MDVs foehn case study from 29 December 2006 to 1 January 2007, which occurred at all the MDVs LTER sites. Here, we show the robustness of these features across other foehn events. The foehn criteria described in section 2.3 are used on the LTER AWS data to produce a set of 979 summer foehn events that occur at two or more sites over the 1994-2009 study period. This set corresponds to 'LTER ALL' of Table 3 . Hence, we are using Polar WRF output corresponding to observed events. Even though there are some foehn events in observations not identified in the model, the analysis in the previous section showed that Polar WRF is primarily missing the local response at specific sites, and not the large-scale conditions leading to foehn. The interannual variability of the matched Polar WRF-LTER foehn events ('BOTH' in Figure 3 ) agrees well with that for the full set of the LTER foehn events (not shown). Steinhoff et al. (2013) showed that foehn events are initiated by southerly gap flow over the western portion of the MDVs. The gap flow, extending vertically to the surrounding ridge height (between the higher elevation East Antarctic ice sheet to the west and the Royal Society Range to the east), is forced by the pressure difference along an elevated gap in the terrain south of the MDVs. The pressure difference along the gap is larger for easterly ambient flow, due to flow being blocked against the Transantarctic Mountains and higher pressure upstream of the gap, than for westerly ambient flow. Therefore, gap flow is more important in setting up southerly flow into the MDVs for easterly than westerly ambient flow. To determine if gap flow is stronger for easterly ambient flow across all identified foehn events, a scatter plot of the Polar WRF adjusted pressure difference along the gap against wind speed within the gap is presented in Figure 5 . Pressure is adjusted to a constant height, defined here to be the highest point along the transect. The along-gap transect for the pressure difference and the averaging box for the wind speed are shown in Figure 2 (b) (transect AA' and Box 1). In Figure 5 , the data are colour-coded by 600 hPa wind direction and wind speed upstream (south) of the MDVs (600 hPa is the closest standard level above the transect, and 'upstream' refers to all points below the dashed line at y = 50 in Figure 2(b) ). The purple points, representing weak ambient forcing, are clustered in the lower left corner of the plot, with weak gap wind speeds (generally less than 10 m s −1 ) and weak gap forcing (along-gap adjusted pressure differences generally less than 2 hPa). Understandably, as the gap wind speed increases, more red (southeasterly forcing) and green (southwesterly forcing) points are found. The red points feature a stronger relationship between gap pressure difference and gap wind speed. As along-gap pressure difference increases, the gap wind speed increases. This relationship is weaker for the green points, where along-gap pressure differences remain relatively weak (less than 3 hPa), even for wind speeds approaching 20 m s −1 . Flow-blocking south of the Royal Society Range and the ambient synoptic-scale pressure gradient are primarily responsible for the along-gap pressure difference, which drives the southerly gap flow into the western MDVs, even when the ambient wind direction is oblique to the gap axis. Figure 5 shows that the along-gap pressure difference is larger for easterly ambient flow, resulting in a stronger gap flow. In contrast, as ambient winds become westerly, flow blocking is greatly reduced because flow originates at a higher elevation over the East Antarctic ice sheet, and gap flow is less essential for foehn (S13).
Gap flow
Mountain waves
Mountain waves form over the complex terrain south of the MDVs, forced by gap flow when ambient flow does not have a westerly component (S13). For the case study presented in S13, the foehn characteristics changed with the direction and speed of the ambient wind south of the MDVs. The mountain wave response south of the MDVs depended on the non-dimensional mountain height, also known as the inverse Froude number, where U is the mean-state layer-average wind speed, N is the mean-state Brunt-Väisälä frequency, and h m is an estimate of the effective mountain height (the difference in height between the gap (Box 1 in Figure 2(b) ) and the area upstream (Box 2 in Figure 2(b) ), approximately 850 m). Southerly flow was blocked well south of the MDVs region, resulting in lower wind speeds and a larger non-dimensional mountain height. This lead to low-level wave breaking and hydraulic jumps south of Taylor Valley. When the ambient wind direction shifted more westerly, the non-dimensional mountain height decreased, wave breaking was not as pronounced, and observed wind speeds at the LTER AWS sites were higher. To see if this relationship between wind direction south of the MDVs and the non-dimensional mountain height holds for more cases, a scatter plot of wind direction south of the MDVs (using Box 2 in Figure 2(b) ) versus non-dimensional mountain height is plotted in Figure 6 . A theoretical non-dimensional mountain height threshold of 1.1 separates linear flow at lower values from nonlinear flow with wave breaking at higher values (Smith and Grønås, 1993) . In Figure 6 , a large range in non-dimensional mountain height occurs for easterly wind directions. There is some difficulty in defining the non-dimensional mountain height for easterly ambient flow because it is blocked, yet a strong alonggap pressure difference leads to acceleration into the gap itself. Thus, for these wind directions, the along-gap pressure difference might be a better indicator of flow response over the gap, as discussed in section 4.1.
For southerly flow (wind direction from 180 • to 205 • ), non-dimensional mountain heights generally remain above 1.1, indicating nonlinear flow and wave breaking, as was found for the case study. However, with wind directions greater than about 205 • , nondimensional mountain heights decrease, with most values now under 1.1. This again agrees with the case study, where a westerly offshore wind is not blocked and results in vertically propagating mountain waves downstream of the gap.
Pressure-driven channelling
Mountain waves reach the western MDVs, directly resulting in foehn effects. While eastern MDVs sites do not often experience direct mountain wave effects, foehn effects still reach these locations. Pressure-driven channelling (e.g. Whiteman and Doran, 1993; McGowan et al., 2002) is the mechanism responsible for the westerly flow that advects warm foehn air downvalley, as flow is forced by the component of the pressure gradient along the valley axis. The pressure gradient, represented by higher pressure over the western MDVs, is established by the pressure drag of mountain waves over the western MDVs, and weak flow offshore over McMurdo Sound. Conversely, foehn conditions can be interrupted by cool, moist easterly flow at eastern MDVs sites (i.e. easterly intrusions) when an opposing pressure gradient is directed onshore (S13). Here we focus on the forcing for westerly downvalley flow, showing that pressure-driven channelling is robust across a set of foehn events affecting the eastern MDVs. Figure 7 shows the distribution of Polar WRF adjusted pressure differences between two points, one over western Taylor Valley and one offshore (red points in Figure 2(b) ), for a set of 146 foehn events observed at multiple sites including Lake Fryxell. Lake Fryxell is chosen because it rarely experiences direct foehn effects (from mountain waves) due to blocking by the Royal Society Range (S13). Positive values represent higher adjusted pressure over western Taylor Valley. A clear majority (133 of 146) of these foehn events feature a downvalley-directed pressure gradient force, meaning that the flow of foehn air is directed downvalley towards the coast. Most of the events have a pressure difference of 0-3 hPa, similar in magnitude to the values found by S13. Therefore, the pressure-driven channelling mechanism proposed by S13 is robust across a set of foehn events that affect eastern Taylor Valley; the 13 events that feature a weak upvalley pressure gradient may be complicated by localized effects from mountain waves or terrain-induced circulations offshore.
Aspects of the large-scale circulation
Synoptic-scale flow during extreme warming
In S13, temperature changes during the foehn event, independent of diurnal effects, were attributed to differences in advection patterns aloft. The warmest period in the case study corresponds to an intrusion of warm, moist maritime air over Antarctica, which is brought to the surface in the MDVs by the foehn mechanism. Here we discuss the synoptic-scale patterns associated with the warmest foehn events.
Although Figure 6 shows that foehn events can occur through a wide range of wind directions, the events are not all independent, as most groupings of events occur consecutively. Of the 979 total observed foehn events considered, 498 of them (51%) are part of an 'extended' foehn event, where the considered event is embedded in five straight days of foehn conditions in the MDVs. Foehn events are not scattered randomly across a season, but instead occur in 'outbreaks' associated with organized synopticscale patterns. Enhanced meridional flow, leading to intrusions of warm, moist air into East Antarctica, are often associated with blocking highs south of Australia and New Zealand (Bromwich et al., 1993; Murphy and Simmonds, 1993; Goodwin et al., 2003; Massom et al., 2004; Fujita and Abe, 2006; Scarchilli et al., 2011) . To determine if the warmest foehn events are related to blocking, we compute a blocking index at various longitudes for the 73 warmest events (those that exceed 3
• C) at Lake Hoare from ERA-Interim. Lake Hoare is chosen because it is centrally located in Taylor Valley, and also has a reliable and long observation record. The blocking index (BI) used is that of Wright (1994) , defined as (2) where U is the zonal wind component at 500 hPa, subscripts indicate Southern Hemisphere latitudes, and BI is calculated along each longitude of interest. Positive values indicate a weak zonal component in midlatitudes, indicative of blocking. Although more sophisticated blocking indices exist (e.g. Wiedenmann et al., 2002) , an instantaneous blocking index is sufficient because we are not concerned about the duration of enhanced meridional flow. Positive blocking values for all of the warm events at longitudes ranging from 90
• E to 90
• W every 15
• are shown in Figure 8 (a). Blocking events are most common and strongest between 165
• E and 150
• W, just west of the southwest Pacific climatological maximum identified in previous studies (e.g. Sinclair, 1996; Renwick, 1998 Renwick, , 2005 . The southeast Pacific climatological blocking region near 120 • W is also represented in Figure 8 (a). Fifty-one of the 73 warmest events feature a blocking index greater than 20.0 within the sector shown in Figure 8(a) , where climatological average blocking index values are less than 3.0, suggesting that an amplified circulation pattern is responsible for warm air advection during foehn.
The 600 hPa vector winds are averaged along a transect from 90
• W between 70
• S and 80 • S, which is shown in Figure 8(b) . A wave-2 pattern of meridional winds exists along the transect, with alternating northerly and southerly winds, and phase lines tilting eastward to the north. This pattern suggests high pressure over East Antarctica near 135
• E, low pressure near 180
• , and high pressure near 135 • W. This is an amplified circulation pattern over Antarctica, which differs markedly from 'typical' Antarctic circulation patterns of storm systems circling the continent and Antarctica itself being isolated from the rest of the Southern Hemisphere. There is a southerly wind component southsouthwest of the MDVs, with maritime origin from the northerly flow between longitudes of 180
• and 150
• W (Figure 8(b) ). Therefore, maritime intrusions appear to be responsible for warm events in the MDVs, as over the rest of the continent.
The role of intraseasonal variability -an example from summer 2001/2002
Austral summer 2001/2002 was one of the warmest summers on record in the MDVs (Speirs et al., 2013) , and resulted in anomalously large melt and stream flow in the MDVs (Doran et al., 2008; Hoffman et al., 2008) Oscillation (MJO) period. Additionally, an anomalously strong blocking index (Eq. (2)) was found at almost all longitudes in the Australia-New Zealand sector of the south Pacific, strongest in January and February 2002. As discussed by Massom et al. (2006) , this season featured a positive SAM index throughout. Both Turner et al. (2002) and Massom et al. (2006) note the strong circumpolar trough and enhanced wavenumber-3/4 pattern of high pressure over the midlatitudes this season. The latter feature brought warm-air intrusions over the continent (Turner et al., 2002; Massom et al., 2004) . These conditions are apparent from the 500 hPa geopotential height anomalies for November 2001-February 2002, compared with the corresponding period from 1979 to 2012 from ERA-Interim in Figure 9 (a). Geopotential heights are lower around Antarctica, especially in the region of the Amundsen Sea low, and an enhanced wavenumber-3/4 pattern is seen in midlatitude positive anomalies.
The MDVs foehn events are sporadic and clustered together in time, suggesting that there is considerable intraseasonal variability associated with their occurrence. There are 23 sixhourly periods of foehn conditions with temperature greater than 3
• C at Lake Hoare during the 2001/2002 austral summer season, occurring on only 11 days, and during only three distinct time periods. The ERA-Interim and Polar WRF 500 hPa geopotential height fields are shown for the prominent 10-12 January 2002 foehn event, when the temperature exceeded 9
• C at Lake Hoare, in Figure 10 . A pronounced blocking high is positioned southwest of New Zealand, with poleward flow extending from southeast Australia to interior East Antarctica. A massive cyclonic circulation exists over the western hemisphere sector. Near-record high temperatures were recorded at Vostok (East Antarctica) and South Pole during this time period (Massom et al., 2004) . This example is representative of two other extended foehn events over the 2001/2002 austral summer that brought anomalously warm conditions to the MDVs.
Beyond ENSO and SAM, a possible explanation for the warm conditions is the South Pacific Wave (SPW). This is the fourth EOF of geopotential height or streamfunction interannual variability, as discussed by Kiladis and Mo (1998) , Kidson (1999) and Frederiksen and Zheng (2007) . The SPW is associated with a wavetrain source over northern Australia (Frederiksen and Zheng, 2007) . The geopotential height anomaly pattern in Figure 9 (a) is similar to the fourth slowly varying EOF in Frederiksen and Zheng (2007) . Furthermore, the pattern of SST anomalies in Figure 9 (b) corresponds with the one-point DJF SST-EOF4 correlations in Frederiksen and Zheng (2007, their figure 5d ), in particular the meridional dipole in the southern Indian Ocean, negative anomalies south of Australia, and positive anomalies south and east of New Zealand.
Discussion
Studies of intraseasonal variability show the dominance of wavenumber 4-5 patterns in Southern Hemisphere mid-and high latitudes during summer (e.g. Kiladis and Mo, 1998; Kidson, 1999; Frederiksen and Zheng, 2007) . While atmospheric blocking events have been attributed to interannual variability, particularly with ENSO (e.g. Renwick, 1998; Kidson et al., 2002) , blocking has also been linked to intraseasonal variability (Frederiksen and Frederiksen, 1993; Mo and Higgins, 1998; Renwick and Revell, 1999; Frederiksen and Zheng, 2007) . Massom et al. (2004) analyze three case studies of enhanced precipitation and warm conditions over interior East Antarctica (one of which includes austral summer 2001/2002). In all three cases, a blocking high southwest of New Zealand is a prominent feature, and just a few blocking episodes can deliver a significant portion of mean annual precipitation. In section 5.2 the SPW (EOF4) signal was implicated for the extraordinary austral summer 2001/2002 season. This signal probably reflects strong intraseasonal variability that affects the southwest Pacific (Mo and Higgins, 1998; Kidson, 1999; Renwick, 2005; Hobbs and Raphael, 2010) . Furthermore, associations between ENSO and blocking are weaker in the southwest Pacific, the main sector of blocking associated with MDVs foehn, than for the southeast Pacific (Renwick, 2005) .
Although the extended foehn events of austral summer 2001/2002 featured similar synoptic-scale patterns leading to blocking in the southwest Pacific, varied circulation patterns can produce strong pressure/height gradients over the MDVs leading to foehn. This is illustrated by the wide range of ambient wind directions that can lead to foehn generation, and is also clear from a perusal of 500 hPa geopotential height maps during foehn events. For example, a foehn event outbreak in November 1997 was associated with an El Niño-related pattern of increased geopotential heights across Antarctica and decreased heights south of New Zealand, setting up anomalously strong easterly flow over the MDVs. In contrast, a warm period in late January 1996, with weak positive SAM conditions (SAM index value of +0.55) but moderate La Niña conditions (SOI of +1.6), features an anomalously strong Amundsen Sea low (known to be associated with La Niña forcing (Kwok and Comiso, 2002) ) that advects warm maritime air across West Antarctica, consistent with the hypothesis of Bertler et al. (2004) . Thus, the MDVs foehn events can occur with a wide variety of synoptic-scale patterns and modes of large-scale variability, since the primary factor inducing foehn events is strong ambient flow aloft. Similarly, it is difficult to definitively attribute Antarctic intraseasonal variability to tropical forcing (Renwick et al., 2012) , and we are unable to find statistically significant correlations between the MJO and foehn events over the study period.
Conclusions
The foehn mechanism proposed by S13 for the MDVs has been shown to be robust across a set of summer foehn events over the 1994-2009 period. Gap flow brings southerly flow into the southern MDVs, evidenced by the positive relationship between the adjusted pressure difference along the gap and near-surface wind speed, especially for ambient flow with an easterly component. Mountain waves form over the complex terrain south of the MDVs, leading to adiabatic warming and the foehn effect, and the non-dimensional mountain height, indicative of flow linearity, is dependent on the ambient wind direction. Nonlinearity is more prevalent for southerly ambient flow, leading to weaker MDVs foehn events. These effects decrease when ambient flow becomes more westerly, and foehn events are stronger. Pressure-driven channelling then brings the warm air downvalley, and this effect is robust across the set of foehn events examined. These results reinforce the case made by Speirs et al. (2010) and S13 that strong wind and warming events in the MDVs result from a foehn effect, and not a katabatic effect, as had been inferred in previous studies. Speirs et al. (2010) found that an increase in foehn events in 2007 over 2006 resulted from an increased synoptic-scale pressure gradient over the MDVs, resulting primarily from increased sealevel pressure over the Southern Ocean south of Australia. This feature is confirmed for a longer study period to be prevalent for the warmest foehn events, associated with atmospheric blocking in the Australian sector. Still, foehn winds can occur over a wide range of ambient wind directions, and there are no specific synoptic-scale patterns responsible for foehn events. The variety of synoptic-scale patterns resulting in foehn events perhaps explains the tenuous connections between modes of interannual variability (e.g. SAM and ENSO) and MDVs foehn and warm events (Bertler et al., 2004; Speirs et al., 2013) . While a maritime influence is indeed responsible for the warmest foehn events (Bertler et al., 2004) , a simple ENSO-related shift in atmospheric circulation over West Antarctica and the Ross Ice Shelf cannot explain MDVs summer temperature variability. Furthermore, the foehn effect is necessary to bring the maritime air to the surface over the MDVs.
The episodic nature of MDVs foehn events suggests the importance of intraseasonal variability. Further research on MDVs and Antarctic-wide warm-air and moisture intrusions should focus on intraseasonal variability, of which the tropical connections to and the internal generation of such events are not well understood.
